Accurate knowledge of the neutron energy spectra is useful in basic research and applications. The overall procedure of measuring and unfolding the fast neutron energy spectra with BC501A liquid scintillation detector is described. The recoil proton spectrum of 241 Am-Be neutrons was obtained experimentally. With the NRESP7 code, the response matrix of detector was simulated. Combining the recoil proton spectrum and response matrix, the unfolding of neutron spectra was performed by GRAVEL iterative algorithm. A MatLab program based on the GRAVEL method was developed. The continuous neutron spectrum of 241 Am-Be source and monoenergetic neutron spectrum of D-T source have been unfolded successfully and are in good agreement with their standard reference spectra. The unfolded 241 Am-Be spectrum are more accurate than the spectra unfolded by artificial neural networks in recent years. 
Introduction
Accurate knowledge of the neutron energy spectra is of great research importance in many applications, such as in nuclear nonproliferation, international safeguard, nuclear material control, nation security and counterterrorism [1, 2] . In addition, the accurate unfolding of neutron spectra increases the sensitivity of assays performed on various nuclear materials [3] . BC501A liquid scintillation detectors are widely used for the fast neutron spectroscopy because of their good linearity, excellent n-γ discrimination property and high light output [4] [5] [6] . However, the neutron energy spectra, Φ(E), has to be unfolded from the pulse height spectra dN/dH as a result of neutron-proton recoil in BC501A liquid scintillator. *Corresponding author (email: yonghao.t.chen@gmail.com) The detector response R(H, E), the differential pulse height spectrum dN/dH, and the neutron energy spectrum Φ(E), are related through the Fredholm integral equation of the first type as below [7] such that
here, the radiation detector can directly give dN/dH, which is the result of folding the detector response function and the energy distribution of the incident neutrons. When the spectrum is recorded by a multichannel analyzer, eq. (1) takes the discrete form
where N i (i = 1, 2, . . . , n) is the recorded counts in the ith channel, Φ j ( j = 1, 2, . . . , m) is the radiation fluence in the jth energy interval, and R i j is the response matrix coupling the ith pulse height interval with the jth energy interval. Eq. (2) can be transformed into the matrix notation such that
where
T , R is the response matrix with size of n × m.
Both eqs. (2) and (3) need to be inverted in order to obtain the neutron spectrum from the measured pulse height distribution, which can be seen as a mapping from the measured n-dimensional space of detector response to the mdimensional space of neutron energy fluence. The task of determining the unknown Φ from the observable N presents an ill-conditioned problem. To unfold the spectrum, several mathematical methods and computing algorithms have been used, such as least-squares [8], Monte Carlo Methods [9], genetic algorithm [10] , and populated artificial neural networks (ANNs) in recently years [11, 12] . These methods are able to unfold neutron energy spectra, however the accuracy and precision of the said methods are not as good as expected, particularly compared with the spectra provided by the International Organization for Standardization (ISO). Thus finding a robust method to unfold neutron spectra accurately is required.
The GRAVEL method is an iterative unfolding algorithm which was originally proposed by the Physikalisch Technische Bundesanstalt (PTB) for unfolding particle spectra from the measured pulse height distribution [13] . It has been successfully used for unfolding the spectra of γ-rays [14, 15] . However, the application of GRAVEL method for unfolding the fast neutron spectra measured with liquid scintillation detector have not really been reported much more other than for PTB itself [16, 17] . Herein the GRAVEL iterative algorithm is introduced in details, and a MatLab program based on GRAVEL method has been developed and successfully applied for unfolding the continuous neutron spectrum of 241 Am-Be source and monoenergetic neutron spectrum of D-T source. The results exhibited good agreement with the ISO standard spectra. This paper presents the overall procedure of measuring and unfolding the fast neutron energy spectra with BC501A liquid scintillation detector. First of all, the experiment setup for discriminating against γ-rays and measuring the recoil proton spectra of incident neutrons is described. Then the response matrix of the BC501A liquid scintillation detector used in our experiment is calculated by NRESP7 code. Finally, the unfolding results are presented.
Experiment
The experimental setup is shown in Figure 1 . A Φ2 × 2 cylindrical BC501A liquid scintillator coupled to a photomultiplier (PMT) with the tpye of 9807B of ET Enterprises Ltd. with silicon oil was used to detect neutrons. In order to inhibit the scattering background of neutrons, the experiment was arranged in a spacious experimental hall (26.3 m in length, 11.4 m in width and 14 m in height), the neutron source ( 241 Am-Be source with the intensity of 2.5 × 10 6 n/s) and detector were put at the center of the hall. The detector was supported by a thin steel bracket and positioned perpendicularly to the ground, the distance from the scintillator front surface to the ground was 3.8 m. The neutron source was suspended 95 cm away from the scintillator front surface on its central axis. This type of arrangement could minimize the scattering neutron background.
In order to evaluate the inhibition quality of scattering neutron background, this experiment setup was simulated by Monte Carlo N-Particle Transport Code (MCNP). It can be seen through the simulation result (Figure 2 ) that this arrangement almost inhibited all the scattering neutrons, the scattering background only make a small contribution to the measured data thus the effect of background could be neglected.
The block diagram in Figure 3 shows the data acquisition system (DAQ) for measuring the recoil proton spectrum and discriminating against γ-rays with zero-crossing method. 
